A B S T R A C T Studies were performed in pregnant rabbits to assess the effect of inhibition of prostaglandin synthesis on uterine blood flow. Cardiac output and uteroplacental blood flow (UPBF) were measured using radiolabeled microspheres. Prostaglandin E (PGE) concentration was measured by radioimmunoassay in the uterine vein and peripheral artery of the pregnant nephrectomized rabbit. Either meclofenamate or indomethacin 2 mg/kg were utilized to inhibit prostaglandin synthesis. Systemic arterial pressure increased from 86 mm Hg to 98 mm Hg (P < 0.001) after prostaglandin inhibition. Cardiac output was unchanged after the inhibition of prostaglandin synthesis, 326 ml/ min vs. 340 ml/min, while UPBF fell from 16.5 ml/ min to 7.8 ml/min. Uterine vein PGE concentration was extremely high, 172.4 ng/ml, with concomitant peripheral arterial PGE 2.1 ng/ml. Intravenous administration of either meclofenamate or indomethacin reduced uterine vein PGE to 23 ng/ml (P < 0.01) and arterial PGE to 1.0 ng/ml (P < 0.05). Male and nonpregnant female rabbits had lower arterial PGE, 0.37 ng/ml (P < 0.05). Studies in non-nephrectomized pregnant animals demonstrated that uteroplacental secretion of PGE was greater than five times renal secretion. These studies demonstrate that the rabbit uteroplacental unit is a rich source of PGE and suggest that production of the vasoactive lipid may have a key role in regulating UPBF during pregnancy.
INTRODUCTION
Factors controlling uteroplacental blood flow (UPBF)1 are poorly understood. This control system is of special importance since uteroplacental ischemia has been proposed as a factor in the development of toxemia of preg-1Abbreviations wued in this paper: PGE, prostaglandin E; UPBF, uteroplacental blood flow.
nancy (1) . Previous studies performed in this laboratory have demonstrated that the administration of pharmacologic doses of angiotensin were associated with an increase in UPBF without significantly affecting the cardiac output (2) . It was suggested that the fall in uterine resistance might be mediated through a locally released vasodilator substance. A similar fall in uterine vascular resistance induced by angiotensin infusion and thought to be mediated via prostaglandin synthesis has been reported in the dog by Terragno, Terragno, Pacholczyk, and McGiff (3) . Recent studies in humans and rabbits have demonstrated the uterus and placenta to be rich sources of several prostaglandins including those of the E series (PGE) (4) (5) (6) . This series of prostaglandins have potent vasodilatory effects and have been demonstrated to increase blood flow when injected directly into a uterine artery (7, 8) . However, the results obtained by the infusion of the vasodilator into the uterine arterial circulation do not necessarily imply a relationship to a physiologic control system. This is especially pertinent in evaluating prostaglandins of the E series since they are rapidly metabolized in the lung (9) and are presumed to act primarily at the local site of production. Thus, the evaluation of the physiologic role of prostaglandin on UPBF could best be accomplished by means which either increase or decrease synthesis of the vasoactive substance at the tissue level. This latter maneuver can be carried out by the administration of a number of anti-inflammatory agents which have been shown to inhibit the enzyme, prostaglandin synthetase (10) . Using the pregnant rabbit as the experimental model, this study clearly demonstrates that inhibition of prostaglandin synthesis is associated with profound uterine ischemia.
METHODS
Experiments were performed in 3.5-5-kg New Zealand white rabbits studied between the 23rd and 29th day of gestation and prepared by methods previously described (2 At the completion of the experiment, the uterus and placentae were removed, weighed, and digested in concentrated HCl. The digested volume was measured and aliquots were counted, along with reference femoral samples and the remaining 0.5 ml of the injectate, in a Packard autogamma counter (Packard Instrument Co. Inc., Downers Grove, Ill.). 'Sr was counted at the 0.510 MeV peak and the "'Ce at the 0.45 MeV peak. No correction was necessary for the 'Sr counts but 7% of the 'Sr counts were subtracted to obtain the true 14Ce counts in the tissues.
Two other groups of experiments were performed. In four studies, pregnant rabbits were prepared as described except nephrectomy was not done. Uterine, renal venous, and peripheral arterial PGE levels were obtained. Renal vein samples were collected by a direct puncture with a 23-gauge needle. In 11 additional rabbits, 6 males and 5 nonpregnant females, peripheral arterial blood was collected for PGE after the animal had been anesthetized and stabilized.
Plasma prostaglandin was measured by radioimmunoassay using a modification of the method described by Zusman and associates (11) . Blood was collected in heparinized tubes to which indomethacin 50-70 ,ug had been added. Plasma was acidified to pH 3.7 with citric acid and 1 ml was placed in an extraction tube to which ['H]PGE2 (1, 000 cpm) was added. The plasma was extracted twice with ethyl acetate and the extract dried under air before application on a silicic acid column. The columns were prepared using 0.5 g silicic acid (100 mesh, Mallinckrodt Chemical Works, St. Louis, Mo.) slurried with 60: 40:2, benzene:
ethyl acetate: methanol. Dried extracts were dissolved in 0.2 ml solvent (60:40:10) and a total of 0.8 ml 60:40 (0.6 + 0.2) applied to the column. When this solvent was completely eluted, 1 ml benzene was added to the column and also allowed to run dry. 4 [12] ). This antiserum exhibits a 22% cross reactivity with PGE2 but no cross reaction with 15-keto PGE1, 15-keto dihydro PGE1 or PGB1. When PGA1 and PGE1, in equivalent amounts, are added to the assay system appreciable displacement of ['H] PGE1 occurs. Prior column chromatography, however, removes 90-95% of added PGA1. When we added PGA2 to rabbit plasma in concentrations from 5 ng to 100 ng, only 5% of the PGA was measured as PGE. Thus, utilizing both column and antiserum, one can separate PGA from PGE but cannot accurately distinguish between PGE1 and PGE. Thus, all values in the paper are expressed as PGE.
Immunoassay.
['H]PGE2 (New England Nuclear, Boston, Mass.) is chromotographed twice on the silicic acid column and diluted in phosphate buffer (0.15 M NaCl, 0.01 M phosphate, pH 7.0) to 10,000 cpm/0.1 ml A small amount of ['H]PGE2 is dissolved in ethanol to provide 1,000 cpm/0.1 ml and this is added to each sample to determine percent recovery. All samples are done in duplicate. Dilution of the antiserum is carried out to provide 50% binding of the ['H]PGE. 1 ml ethanol is added to each dried plasma sample and 0.1 ml and 0.2 ml aliquots are placed in 12 X 75-mm culture tubes and dried. The remaining 0.7 ml is dried and used for the recovery determination. 1 ml buffer, 0.1 ml ['H]PGE2 (containing 10,000 cpm) and 0.1 ml antiserum are added to the 12 X 75-mm tubes and incubated 3 h at 40C (1 ml dextran-coated charcoal solution is then added, and the tubes are then centrifuged) at 5,000 rpm for 20 min. Standards of cold PGE, are incubated in similar fashion and determination of displacement of ['H]-PGE2 from the antiserum determined in the usual fashion.
The reproducibility of the assay in rabbit plasma with a mean PGE concentration of 3.53 ng/ml in replicate fashion 10 times showed a variance of 0.24 ng/ml. When PGE2 was added to pooled rabbit plasma in concentrations ranging from 0.25 ng to 10 ng, the percent recovery was 105±7%.
The addition of 1-1,000 ng of either PGE2. or PGA, yielded crossovers of less than 1% in the case of PGF2a and up to 7% in the case of PGA1. Measurements of peripheral PGA levels were 90% and uterine venous PGA concentration 3% of simultaneously drawn PGE (n=10). Thus, the contribution of PGA to the measured PGE level was 6% and less than 1% in peripheral and uterine venous blood, respectively.
Calculations RESULTS The results of the 10 studies in pregnant rabbits are shown in Table I . No difference was found between the meclofenamate and indomethacin studies; therefore, they have been combined. Mean arterial pressure rose in each study with a mean change from 86 to 98 mm Hg, 30 min after administration of the anti-inflammatory drugs (P < 0.001). Cardiac output was unchanged at 326 ml/min in the control period and 340 ml/min after prostaglandin inhibition. Total UPBF fell in each study with a mean change from 16.5-7.8 ml/min (P < 0.01). Additionally, the uteroplacental fraction of cardiac output decreased from 5.1 to 2.4%. Uterine venous PGE was extremely high in the control period and averaged 172 ng/ml. After meclofenamate or indomethacin, there was an eightfold decrease in PGE level to 23 ng/ml. Since total UPBF decreased 53% concomitantly, these findings indicate a striking fall in PGE release from the uteroplacental unit. The peripheral PGE level was 2.1 ng/ml and fell to 1.04 ng/ml in the experimental period (P <0.05). Fig. 1 compares the peripheral PGE levels in pregnant females, nonpregnant females, and males. With the exception of one study, the peripheral PGE levels were markedly higher in the pregnant rabbits than in either males or nonpregnant females. There was no difference between the latter two groups. In four pregnant rabbits, mean uterine venous, renal venous, and peripheral arterial PGE levels were 256±22, 5.8±0.35, and 1.7±0.09 ng/ml, respectively.
DISCUSSION
In the present study, UPBF was measured with a modification of the radioactive microsphere technique before and after the administration of two structurally different anti-inflammatory agents, meclofenamate and indomethacin. The validity and reproducibility of this method of measuring UPBF has been previously demonstrated (2) . Using this technique it was clearly shown that both agents caused a marked fall in UPBF without alteration in cardiac output. In each instance mean arterial pressure was also increased to a modest extent. Although some other parameters could have been altered by meclofenamate and indomethacin, the one known common characteristic of these two structurally dissimilar anti-inflammatory agents is inhibition of prostaglandin synthesis (10) . This is directly shown in the data in Table I . In each of the 10 studies, uterine venous and peripheral PGE's fell concomitantly after administration of either agent. Thus, these results strongly suggest that in the pregnant rabbit inhibition of prostaglandin synthesis is associated with a marked fall in UPBF.
As shown in Table I , the uterine vein PGE levels were extremely high. Although there was considerable variation in the absolute values between studies, the uterine venous: peripheral PGE ratio was at least 30: 1 in each study, with a mean ratio of 90: 1. In contrast, renal venous: peripheral PGE ratios averaged 3.4 in four additional studies. Since absolute renal blood flow 'is only fivefold greater than uteroplacental flow in the pregnant rabbit (2), PGE production is considerably greater in the uterus than in the kidney during pregnancy. In addition, as is shown in Fig. 1 , the peripheral Uterine Prostaglandin E Secretion and Uterine Blood Flow PGE level is much higher in the pregnant rabbit than in either the male or nonpregnant female rabbit. Because of the vestigal size and low blood flow of the nonpregnant uterus, uterine venous PGE's could not be obtained in the nonpregnant rabbit. However, since there was no difference in the peripheral PGE levels between this group and the male rabbits, it seems unlikely that substantial quantities of PGE were produced by the uterus of the nonpregnant female. Thus, these data suggest that the uterus of the pregnant rabbit is a rich source of PGE production and probably accounts for the sixfold elevation in peripheral PGE level in the rabbit during pregnancy. However, no information is presently available concerning the enzymatic degradation of PGE by the lung in pregnancy.
The crossover studies demonstrated that the PGE determination was not significantly contaminated by a member of the PGA series. Although the crossover of PGA into the PGE assay was as high as 7%, the uterine venous PGA level was approximately 6 ng/ml, a value only 3% of the PGE level. Thus, the overestimation of PGE concentrations in uterine venous blood due to PGA is trivial. PGF levels were not obtained in uterine venous blood. However, since the crossover was less than 1%, it is extremely unlikely that the uterine or peripheral PGE levels could be significantly affected by changes in PGF.
The manner in which a decrease in prostaglandin synthesis increases uterine vascular resistance is not clear. In previous studies evaluating the renal circulation, Lonigro, Itskovitz, Crowshaw, and McGiff and Kirschenbaum, White, Stein, and Ferris, both noted a decrease in renal blood flow after the administration of meclofenamate or indomethacin (13, 14) . In addition, in the former study, there was a profound fall in renal venous PGE levels as measured by bioassay techniques. It is not clear, however, whether the decrease in both uterine and renal blood flow after prostaglandin inhibition is due directly to decreased release of the vasodilator at the tissue level or to a more complex mechanism. In a number of studies it has been shown that the administration of prostaglandins attenuates the vasoconstrictor effects of norepinephrine and angiotensin while prostaglandin inhibition increases the sensitivity to both agents (15, 16) . Thus, it is possible that the decrease in UPBF noted in the present work was due to an increased sensitivity to a normal concentration of a vasoconstrictor substance rather than to prostaglandin depletion, per se.
Thus, these studies demonstrate that the pregnant uterus has a tremendous capacity to synthesize and release PGE and that inhibition of prostaglandin synthetase causes marked fall in UPBF. It would seem likely, therefore, that the local synthesis and release of PGE was intimately involved in the well-known adaptive increase in UPBF which occurs during pregnancy. In addition, since uterine ischemia has been linked with toxemia, it is tempting to speculate that alterations in PGE production could occur in this clinical state. As mentioned previously, prostaglandin deficiency is associated with an increased sensitivity to vasoconstrictor agents. Thus, if a decrease in prostaglandin synthesis is operative in patients with toxemia, one would expect an increased responsiveness to both norepinephrine and angiotensin II. Recent studies have clearly shown this to be the case in women with toxemia of pregnancy (17, 18) .
